Effect of ouabain on splanchnic hemodynamics in the rhesus monkey. Am Heart J 81: 511-515 Stark JJ, Sanders CA, Powell WJ (1972) SEVERAL investigators have examined the metabolism of vascular smooth muscle (VSM) by studying the effect of stimulation (Lundholm and MohmeLundholm, 1962; Peterson and Paul, 1974) or the effect of age or disease (Morrison et al., 1972b; Daly, 1976) on its metabolism. They have generally assumed that glucose is the major energy source for VSM, and have not attempted to examine the metabolism of other possible energy sources. One reason for this assumption is that VSM has a respiratory quotient of 0.99 (Kirk et al., 1954, Kosan and Burton, 1966) . However, the studies that established this figure were performed with 11 mM glucose as the only substrate. Since VSM can oxidize fatty acids (Hashimoto and Dayton, 1971; Mor-
SEVERAL investigators have examined the metabolism of vascular smooth muscle (VSM) by studying the effect of stimulation (Lundholm and MohmeLundholm, 1962; Peterson and Paul, 1974) or the effect of age or disease (Morrison et al., 1972b; Daly, 1976) on its metabolism. They have generally assumed that glucose is the major energy source for VSM, and have not attempted to examine the metabolism of other possible energy sources.
One reason for this assumption is that VSM has a respiratory quotient of 0.99 (Kirk et al., 1954, Kosan and Burton, 1966) . However, the studies that established this figure were performed with 11 mM glucose as the only substrate. Since VSM can oxidize fatty acids (Hashimoto and Dayton, 1971; Mor-rison, et al., 1974) and amino acids (Morrison et al., 1976b) , it is quite possible that incubation of VSM in a physiological mixture of all possible energy substrates present in the blood would reduce the respiratory quotient.
Glucose also was thought to be the major energy source for VSM because carbohydrate was more effective than other substrates in restoring contractility to substrate-depleted tissue (Coe et al., 1968) . In this study, it was assumed that tissue could not contract after incubation without substrate because the high-energy phosphates in the tissue were exhausted. Measurements were not made to determine whether the inability of substrate-depleted tissue to contract was due to its low-energy state, or whether substrates that restored its ability to contract improved its energy state. Since the restoration of the ability of VSM to contract could be caused by means other than the regeneration of high-energy phosphate, (Edwards et al., 1977; Roberts et al., 1979, Pittman and Quinn, 1979) , this study did not really determine what substrates are most effective at generating high-energy phosphate.
The question of which substrates are most effec-tive and which are actually used under physiological conditions can be approached by learning which potential substrates can be oxidized, and their relative utilization by VSM under physiological conditions. The determination of the stoichiometry between oxygen consumption and exogenous substrate oxidation would indicate whether endogenous substrates are also being oxidized by the tissue. These studies would also furnish some information about what metabolic pathways are present in VSM. The following experiments were designed to address these questions.
Methods
Male New Zealand White rabbits weighing 2.5-3.5 kg were killed and their thoracic aortas removed. The aortas were superfused with Ham's F12 nutrient medium (Grand Island Biological Company) equilibrated with 95% oxygen, 5% carbon dioxide while exterior fat was removed. In some cases, intima-media strips were peeled from the aorta (Wolinsky and Daly, 1970) . Aortic rings or strips weighing 10-30 mg or intima-media strips weighing 5-20 mg were incubated at 37°C in Krebs-Ringer bicarbonate (KRB) medium equilibrated with 95% oxygen, 5% carbon dioxide. The oxidation rate of substrates was determined by measuring the production of 14 C-labeled carbon dioxide (Odessey and Goldberg, 1972) . The procedure was modified by using phenethylamine to collect the carbon dioxide and by injecting 1 N perchloric acid into the medium to drive off the carbon dioxide. Vials containing substrate but no tissue were used as blanks in these experiments. Radiochemicals and phenethylamine were purchased from New England Nuclear. The substrate concentrations used were 5 mM for glucose and 0.5 mM for all substrates except /?-hydroxybutyrate. A racemic mixture of cold carrier /8-hydroxybutyrate (Calbiochem) was used at a concentration of 1.0 mM, whereas the labeled /S-hydroxybutyrate consisted of only the D isomer. (The common biological stereoisomer was used for all other substrates.) Following the collection of carbon dioxide from the medium, the medium was adjusted to pH 6-8 with neutralizing solution (3 N potassium hydroxide containing 0.25 M 2-(iV-morpholinoethanesulfonic acid (MES) (Calbiochem) and 0.25 M 3-(./V-morpholino)propanesulfonic acid (MOPS) (Calbiochem). MES and MOPS buffers were included in the neutralizing solution, since these buffers have a pK value near neutrality (6.15 for MES, 7.20 for MOPS). The neutralized medium was stored at -80°C.
After the incubation period, the tissue was removed from the medium and was frozen immediately in liquid nitrogen. The tissue then was weighed and homogenized in either 3 N perchloric acid (PCA) or, when lipid oxidation was being studied, in a mixture of ethanol and ether (1:1, vol/vol). The wet weight obtained here was used for all calculations. The temperature of the homogenization solution was maintained at -10°C. After the homogenate had been centrifuged at 1000 g for 10 minutes, the pH of the perchloric acid supernatant was adjusted to pH 6-8 with neutralizing solution, and the neutralized supernatant was stored at -80°C. Lactate, pyruvate, acetoacetate, and /8-hydroxybutyrate released into the medium were assayed by fluorometric, enzymatic techniques (Lowry and Passoneau, 1972; Bergmeyer, 1974) . Adenine nucleotides, creatine, and creatine phosphate in the tissue homogenate also were assayed by fluorometric enzymatic techniques (Lowry and Passoneau, 1972 ) with a fluorometer manufactured by Farrand Optical Co., Inc. Enzymes used in these assays were purchased from Boehringer-Mannheim or Sigma Biochemicals. Other biochemicals used in these assays were purchased from Sigma Biochemicals or Calbiochem. All chemicals were of the highest purity available commercially.
Acetoacetate is decarboxylated during incubation in PCA (Bergmeyer, 1974) . Tests with standards of a known amount of acetoacetate showed that 33.4 ± 2.0% of the acetoacetate in the medium was lost during the PCA incubation prior to acetoacetate determination. Our reported acetoacetate values have been corrected to reflect this fact. Some of the labeled carbon dioxide produced during the oxidation of substrates that produce acetoacetate might derive from the PCA-induced decarboxylation of acetoacetate. To calculate how much of the labeled carbon dioxide was derived from this source, it was assumed that all the acetoacetate released into the medium was a metabolic product of the exogenous substrate. Leucine[ H C(U)] and octanoate [l- 14 C] are the only substrates studied which are likely to release significant amounts of acetoacetate labeled in the C-l carbon atom. Therefore, the oxidation rates of leucine[ l4 C(U)] and octanoate[l-U C] have been corrected using the following formula. R = Ro -A-D/(l -D), where R = rate of substrate oxidation, Ro = observed oxidation rate, A = observed rate of acetoacetate production, and D= fraction of acetoacetate decarboxylated.
The extracellular fluid volume of the tissue was determined by incubation in KRB medium containing 0.5 mM sucrose[ H C(U)] (New England Nuclear). Total fluid volume was determined by incubating the tissue in KRB medium containing tritiated water (New England Nuclear), and the intracellular fluid volume was determined by subtracting the extracellular volume from the total volume.
The intracellular concentrations of the substrate and its metabolites were determined by measuring the amount of 14 C label in the homogenate supernatant and subtracting the amount of label calculated to have been in the extracellular space of the tissue. The specific activity of the medium and the intracellular volume were used to calculate the concentration of substrate and its metabolites. For this calculation, the assumption was made that the spe- 
Pieces of rabbit aorta were incubated 5 hours at 37°C in KRB medium containing 5.0 mM glucose with other substrates present, where indicated in the table, at 0.5 mM. All values are given as mean ± SE, with the number of pieces used to determine the value shown in parentheses.
cific activity of the substrate and its metabolites was the same as the specific activity of the substrate in the medium. The amount of 14 C-labeled fatty acids esterified to various lipid classes was determined by thin layer chromatography on silica gel-G plates (Morrison et al., 1974) .
Fatty acids [1-
14
C] were purified before use (Harper and Saggerson, 1976) and were added to the medium as a complex with bovine serum albumen with a molar ratio of fatty acid to protein of 5:1 (Evans and Mueller, 1963) . Labeled acetoacetate was prepared from its ethyl ester (Krebs et al., 1966) . Alanine[l- 14 C] and valine[l-I4 C] were purified before use on a Dowex-50 (Bio-Rad Laboratories) column.
When oxygen consumption was measured, 30-to 60-mg pieces of aorta were used and all medium was equilibrated with 95% air, 5% carbon dioxide. The oxygen consumption was measured using a micro-cathode oxygen electrode (Instrumentation Laboratories). The tissue was incubated at 37°C in KRB medium which was stirred constantly inside a water-jacketed chamber (Gilson). The change over time in oxygen concentration in the medium with tissue present was compared with the change with no tissue present to obtain consumption values. Readings were obtained over a 5-to 10-minute period.
Results

Determination of Energy State
To show that the aortic tissue was viable and stable, aortic rings were incubated in KRB medium containing (1) glucose, leucine, /Miydroxybutyrate, (2) glucose and leucine, (3) glucose and /8-hydroxybutyrate, or (4) in the absence of any substrate. (Glucose concentration was 5.0 mM, leucine and /?-hydroxybutyrate concentrations were 0.5 mM.) Adenine nucleotide, creatine phosphate, and creatine levels were measured after incubation of rabbit aorta in KRB medium for 3-5 hours. The substrate used in the medium did not significantly affect the adenine nucleotide, creatine phosphate, or creatine levels. The pooled data show that phosphocreatine (0.43 ± 0.03 /umol/g) and ATP (0.60 ± 0.03 /xmol/g) are higher than those others have reported for rabbit aorta (Needleman and Blehm, 1970; Namm and Zucker; 1973) . The creatine phosphate: creatine ratio is probably a more accurate reflection of the energy state than is the ATP:ADP ratio, since much of the ADP is bound tightly to actin and therefore not in equilibrium with the free nucleotide pool (McGilvery and Murray, 1974) . We found a phosphocreatine:creatine ratio of (1.1 ± 0.1) which is higher than reported for other VSM tissue (Daemers-Lambert, 1964) .
These measurements suggest that rabbit aortic VSM was stable and viable during the incubation period. When the energy state of intima-media strips was compared with that of the whole aorta, the ATP: ADP ratio for the intima-media strips was significantly lower than the ratio for the whole aorta (data not shown). It was also found that the oxidation rate of leucine (but not glucose or /8-hydroxybutyrate) dropped significantly over an incubation period of 5 hours when intima-media were used, but remained constant when aortic rings were used. For these reasons, aortic rings or strips were used for the experiments described below.
Intracellular and Extracellular Volume
The incubation of aortic rings in the tritiated water indicated that the total fluid volume of the aorta was 0.74 ± 0.01 ml/g wet weight. Incubation in sucrose indicated an extracellular volume of 0.38 ± 0.02 ml/g wet weight. These values are close to previously reported values for VSM (Villamil et al., 1968) .
Oxidation Rates
The oxidation rates for potential substrates were obtained by incubating pieces of rabbit aorta in KRB medium containing labeled substrate and glucose and measuring the 14 C-labeled carbon dioxide produced. The intracellular concentrations of substrate and its metabolites also were measured in most cases to determine whether the substrate entered the cells. These data are presented in Table  1 for glucose, fatty acids, ketone bodies, pyruvate, and glycerol. The oxidation rates for all substrates but palmitate were constant from 1 to 5 hours after the start of incubation. The oxidation rate for palmitate rose over the 5-hour incubation period; the rate shown in Table 1 was measured from 4 to 5 hours after the start of the incubation. When there is no glucose in the medium, the oxidation rate of yS-hydroxybutyrate rises with time. When tissue was incubated in medium containing 5mM glucose, 10.1 ± 0.9 jiimol/g per hour of lactate and 0.8 ±0.1 /nmol/ g wet weight per hour of pyruvate were released into the medium. This rate of release also was constant from 1 to 5 hours after the start of incubation. Chromatography of the intracellular metabolites following incubation of VSM in medium containing long-chain fatty acids shows that 90-100% of the 14 C fatty acids are found incorporated into esters: 15-20% of the label is incorporated into phospholipids, and 75-80% of the label is incorporated into di-or triglycerides.
The oxidation of amino acids by VSM was studied also. Table 2 compares the oxidation rate of 18 amino acids in the presence of glucose. All amino acids but asparagine were oxidized at a constant rate from 1 to 5 hours after the start of the incubation period. The oxidation rate of asparagine increased throughout the incubation period. The rate shown in Table 2 was obtained from 4 to 5 hours after the start of the incubation.
From Tables 1 and 2 , it is apparent that, on a molar basis, the medium-chain length fatty acid, octanoate, the ketone bodies, and the branchedchain amino acids are oxidized at rates approaching or exceeding the oxidation rate of glucose. Glutamine and asparagine are oxidized at one-half to onequarter the rate of glucose, while long-chain fatty acids, pyruvate, glycerol, and the other amino acids are oxidized at a much lower rate. Of the compounds tested, all but glycerol and glutamate clearly were taken up by the tissue. It is possible, therefore, that membrane transport may limit the degradation by VSM of these blood-borne substrates.
A comparison of the production of labeled carbon dioxide from leucine [l- 14 C] and valine[l-14 C] with its production from uniformly labeled leucine and valine shows that the oxidation of the C-l carbon of these amino acids accounts for more than onehalf of the carbon dioxide formed from these amino acids (Table 2 ). The release of the C-l carbon as carbon dioxide occurs after the first two steps of leucine or valine oxidation. The results above indicate that the oxidation of the remaining carbon atoms may yield some final product(s) other than carbon dioxide. In fact, the intracellular metabolite levels of the uniformly labeled amino acids are higher than that of C-1-labeled amino acids (Table  2) . However, the difference between the oxidation rates of the C-l carbon and the rest of the carbon atoms should lead to a greater difference in intracellular metabolite level than is actually seen. It is likely, then, that some product of leucine and valine metabolism, in addition to carbon dioxide, is released from the cell.
Leucine is oxidized to acetoacetate and acetylCoA which can then be oxidized to carbon dioxide. The most likely leucine metabolites to be released from the cell are ketone bodies. Table 3 shows that significant amounts of ketone bodies are released 
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Pieces of rabbit aorta were incubated 5 hours at 37°C in KRB medium containing 5.0 mM glucose with other substrates present, where indicated in the table at 0.5 mM. All values are as mean ± SE, with the number of pieces used to determine the value shown in parentheses. ND indicates that the value was not determined. 
Pieces of rabbit aorta were incubated 1 hour at 37°C in KRB medium supplemented as shown. The tissue then was transferred to fresh medium and incubated an additional 2-3 hours. At the end of incubation, the medium was acidified with 1 N PCA. After neutralization of the medium, the ketone bodies were assayed enzymatically. Glucose concentration in the medium was 5.0 mM, and the concentration of all other substrates was 0.5 mM. The combination of substrates contained a mixture of all the substrates listed above but octanoate. All values are expressed as mean ± SE, with the number of pieces used to determine the value shown in parentheses. ND indicates that value was not determined.
when leucine is present in the medium. Octanoate and /?-hydroxybutyrate also are oxidized to acetoacetate and/or acetyl-CoA, and ketone bodies also are released when they are present in the medium (Table 3) . No ketone bodies are released when there is no substrate in the medium or when glucose, isoleucine, or glutamine is the only substrate present. The amount of ketone bodies released into the medium when VSM is incubated in medium containing leucine is great enough to indicate that ketone bodies and carbon dioxide are likely to be the only major oxidative products of the carbon chain of leucine released.
After the C-1 atom of valine is oxidized to carbon dioxide, the remaining carbon atoms are oxidized to succinyl-CoA. Succinyl-CoA is glycogenic, and lactate or glutamine (Chang and Goldberg, 1978) would be expected to be released when tissue is incubated in valine if VSM resembles skeletal muscle. We have not yet determined whether this occurs.
The oxidation rates presented in Tables 1 and 2 were obtained with tissue incubated in the presence of 5 mM glucose and the labeled substrate. Glucose oxidation was measured with no other substrate present in the medium. In vivo, all the substrates are present, and the oxidation rates of each substrate may be affected by the presence of other substrates. To test whether one substrate affects he oxidation rate of other substrates, tissue was incubated in the presence of one labeled substrate, or in the presence of that substrate and another (unlabeled) substrate. The amount of inhibition of the oxidation rate of one substrate caused by the presence of a second substrate is presented in Table 4 . Of the substrates studied, octanoate has the greatest effect in inhibiting the oxidation of other substrates, whereas its oxidation is not affected by the presence of other substrates tested. /8-Hydroxybutyrate inhibits the oxidation of three other substrates, while the only substrate that significantly inhibited its oxidation was octanoate. On the other hand, glucose oxidation is inhibited more than 50% by either leucine, /?-hydroxybutyrate, or octanoate, whereas isoleucine oxidation is inhibited significantly only by glucose. Glycolysis, as indicated by lactate and pyruvate released, is not affected by the presence of the other substrates in the medium (Table 5) .
To see what effect a combination of substrates Pieces of rabbit aorta were incubated at 37°C in KRB medium containing one labeled substrate and additional substrate as shown. Glucose concentration was 5 mM; all other substrate concentrations were 0.5 mM. '*CO 2 released into the medium 1-3 hours after the start of incubation was measured to determine oxidation rates. Confidence levels were determined using Student (-test.
• P < 0.05; t P > 0.05; HP < 0.025; §P < 0.01; ||P < 0.001. has on the oxidation of one substrate, tissue was incubated in glucose, palmitate, /S-hydroxybutyrate, isoleucine, leucine, and glutamine with one substrate labeled. Octanoate was not used in this study since it is not a physiological substrate (Linscheer et al., 1966) . The oxidation rates obtained from this study, compared to rates obtained in separate experiments with tissue incubated in only one substrate, are shown in Table 6 . The combination of substrates inhibited the oxidation of each substrate by 52-77%. The oxidation of each substrate is inhibited more by the combination of substrates than it is by any one of the substrates in the combination. Even jS-hydroxybutyrate and glutamine, whose oxidation rates are not inhibited significantly by any other individual substrates in the combination, have their oxidation rates inhibited by the combination.
The study of the mutual inhibition of the oxidation of the substrates leads to the following conclusions. Although octanoate is not present in the blood, it seems to be oxidized preferentially to any other substrate when VSM is incubated in medium containing only two substrates. Next to octanoate, /S-hydroxybutyrate seems to be most preferred when tested with only one other substrate, but its oxidation is inhibited markedly by a combination of other substrates. No clear pattern is seen that would enable the determination of the order of preference for the oxidation of the other substrates. Although glucose oxidation is inhibited by other substrates, glycolysis is not (Table 5) .
Oxygen Consumption
The oxidation rates of the substrates, the release of pyruvate and ketone bodies into the medium, and the known metabolic pathways for oxidation of the substrates were used to calculate the oxygen consumption due to oxidation of exogenous substrates when VSM is incubated in the combination of substrates used in Table 6 . For leucine, the production of carbon dioxide from both [1-I4 C] and [ 14 C(U)] leucine were used to determine how much leucine is oxidized completely to carbon dioxide, and how much is oxidized to carbon dioxide and acetoacetate. These calculated values are presented in Table 7 , where they are also expressed as a percentage of the oxygen consumption measured 1.5 hours after the start of the incubation (Table 8 ). The total calculated oxygen consumption is 32% of the measured value; these two values are significantly different (P < 0.01) using the Behrens-Fisher test (Bliss, 1957) . The calculated oxygen consumption increased slightly (20%) with time (not shown) (due to increases in the oxidation rate of glutamine, Pieces of rabbit aorta were incubated at 37°C in KRB medium containing only the substrate whose oxidation was measured (-) or a combination of substrates (+). The combination contained 5.0 mM glucose, 0.5 mM palmitate, 0.5 mM /3-hydroxybutyrate, 0.5 mM leucine, 0.5 mM isoleucine, and 0.5 mM glutamine. When only one substrate was present, it was present at the same concentration as it was in the combination of substrates. All values are presented as mean ± SE, with the number of pieces used to determine the values shown in parentheses. Pieces of rabbit aorta were incubated in KRB medium at 37°C with the same combination of substrates present in the medium as was described in Table 6 . After incubation for 1.5 hour, oxygen consumption was measured using an oxygen electrode. The pieces then were transferred into fresh medium in which one of the substrates was labeled. After a 0.5-hour preincubation, the tissues were transferred to fresh labeled medium for 1 hour. H CO 2 , pyruvate, and ketone bodies were collected from this medium as described in methods, and oxygen consumption rates were calculated using these oxidation rates. Values are expressed as mean ± SE, with the number of pieces of tissue used to determine the values shown in parentheses.
palmitate, and /?-hydroxybutyrate), while the measured oxygen consumption decreased slightly (15%) with time so that the calculated value rises to 45% of the measured value 4.5 hours after the start of incubation. However, the difference between the values is still significant (P < 0.01) using the Behrens-Fisher test. Oxygen consumption was measured also when tissue was incubated without substrate in the medium. Oxygen was consumed at a higher rate both at 1.5 hours and 4.5 hours after the start of incubation without substrate in the medium than when the combination of substrates was present (Table 8) .
Discussion
For our experiments, aortic rings were used rather than the intima-media strips used by other investigators. Values for glucose oxidation (Morrison et al., 1976a) lactate release (Morrison et al., 1972a) , and oxygen consumption (Morrison, et al., 1972a) obtained by other investigators using intimamedia strips of rabbit aorta are similar to the values we found using aortic rings. This suggests that the metabolic rates of the adventitial tissue are not significantly different from the rates found in the intima-media and that the primary metabolically active cell is VSM. 
8.66 ± 1.24* 6.63 ± 0.91
Pieces of rabbit aorta were incubated in KRB medium at 37°C. The medium contained either the combination of substrates ( + ) described in Table 6 or contained no substrates (-) . The data are expressed as mean ± SE, with the number of pieces used to determine the values shown in parentheses.
'P < .05 when compared to oxygen consumption in the presence of substrates at 1.5 hours using Student's Mest.
The present experiments demonstrate that VSM, like other muscle tissues, can use a spectrum of substrates as energy sources. Glucose, amino acids, fatty acids, and ketone bodies all are oxidized, but the oxidation of no one substrate can account for more than 8% of the total oxygen consumption when VSM is incubated in medium containing a mixture of substrates (Table 7) . The oxidation rate of substrates is inhibited by the presence of other substrates in the medium (Table 6 ). From these data it appears likely that, in vivo, VSM may oxidize a number of different substrates to generate energy, while the proportion of energy derived from the oxidation of a particular substrate may change as its concentration, and the concentration of other substrates in the blood, vary. The concentrations of the various substrates used in these experiments are within the range of values reported in the literature (Long, 1961; Scharf and Wool, 1966) , and thus it is likely that our measurements (Table 7) reflect the relative utilization of fuels in vivo by quiescent VSM.
The mutual inhibition of substrate oxidation probably comes about as a consequence of the competition by various substrates for the limited capacity of electron transport in quiescent VSM. In the resting state, the rate of flux through the citric acid cycle is limited by the high phosphorylation state and the low availability of phosphate acceptor (ADP) for electron transport (Klingenberg, 1961) . In the presence of excess substrate(s), a major ratelimiting step will be the disposal of acetyl-CoA, a common intermediate in the oxidation of most tissue fuels. This should lead to a reduced mitochondrial oxidation-reduction (redox) state, [as reflected by the high lactate: pyruvate ratio (Table 5) ] and an increase in acyl-and/or acetyl-CoA. The build up of acyl-CoA in the cell will also deplete the free CoA pool, required for activation of various substrates. These conditions are inhibitory for the metabolism of many substrates. For example, since acetyl-CoA and NADH inhibit pyruvate dehydro-genase (Hansford, 1976) , it is not surprising that glucose oxidation is impaired severely in the presence of other substrates. The inhibition of leucine oxidation may be due to a competition for CoA and inhibition of the branched chain ketoacid dehydrogenase by the reduced mitochondrial redox potential (Odessey, 1979) . Diminished oxidation of ketone bodies by octanoate also may be due to a high level of mitochondrial acetyl-CoA which would shift the equilibrium for acetoacetate activation to the left (Williamson and Hems, 1970) . Inhibition of the activating enzymes or a decrease in the succinyl CoA:succinate ratio also may occur. The inability of palmitate to inhibit the oxidation of other substrates may be due to the inability of added long chain fatty acid to increase endogenously derived acetyl-CoA. As discussed below, excess acetyl-CoA generation by these substrates probably is limited at the level of mitochondrial uptake by a slow carnitine acyltransferase step and also a dilution of the added substrate by a large endogenous pool of fatty acids.
Since the capacity to oxidize acetyl-CoA is limited, excess acetyl-CoA may be funneled into the formation of ketone bodies as seen in the incubations of rabbit aorta with octanoate. Acetoacetate also is formed directly from leucine and /3-hydroxybutyrate. Again, the presence of high levels of acetyl-CoA will inhibit its subsequent oxidation leading to its release from the cell as observed (Table 3) .
From these experiments, it is apparent that the metabolism of exogenous glucose by resting VSM plays a much smaller role in the maintenance of energy balance than has been previously supposed. When other substrates are present at physiological levels, glucose accounts for only 5% of the oxygen consumption (Table 7) . The amount of oxygen consumption due to glucose metabolism may be somewhat higher, depending on the fate of stoichiometric amounts of NADH generated at the glyceraldehyde-3-P dehydrogenase step when pyruvate is released from the cell (thus avoiding the reoxidation of NADH by conversion to lactate). If all of this NADH is oxidized by the citric acid cycle, it could account for 11% of the oxygen consumption. However, considering the active synthesis of triglyceride and fatty acid that occurs in VSM (Howard, 1971; Morrison et al., 1974) it is quite plausible that most or all of the NADH is used for reductive storage of fat. In this case, the contribution of glycolytically produced NADH to tissue 0 2 consumption would be zero.
Glycolytically generated lactate and pyruvate (Table 5 ) may account for 23% of the total ATP production. However, this pathway is not essential since the creatine phosphate: creatine ratio and ATP levels are well maintained during substratefree incubations where little or no lactate (<0.1 mol/g per hr) is released. Hellstrand et al., (1977) also have shown that contractile force can be maintained for several hours in the absence of substrate. We too have observed a significant increase in oxygen consumption by VSM in the absence of substrate (Table 8 ). This observation suggests that the cell may compensate for the lack of glycolytically produced ATP by increasing the oxidation of some endogenous substrate. It also has been shown that dissection of VSM in the presence of high albumin concentrations leads to a decrease in lactate production and an increase in oxygen consumption (Morrison et al., 1976a) . A major conclusion of our studies is that noncarbohydrate substrates are important fuels for resting VSM. We have observed for the first time the oxidation of ketone bodies by VSM which can account for 8-16% (Tables 1 and 7 ) of the tissue O 2 consumption. Our results (Tables 3 and 9 ) also indicate that branched-chain amino acids are oxidized avidly and might account for as much as 10% of the oxygen consumption. The oxidation of amino acids by the swine aorta has been reported previously (Morrison et al., 1976b) . Although that report does not present actual oxidation rates, it did report that glutamine, serine, aspartate, and alanine all are oxidized at higher rates than are the branchedchain amino acids. It is not clear whether the difference between our results and theirs reflects a species difference, or some difference in methodology.
The medium-chain fatty acid, octanoate, is the most avidly oxidized of all the substrates tested, accounting for up to 45% of the 0 2 consumption. The exogenously added fatty acids of longer chain length (Cie, Cis) are oxidized to a much smaller extent (Table 1 ). These findings confirm the studies of Hashimoto and Dayton (1971) in the rat aorta. Since long-chain fatty acids can enter the mitochondria only as the carnitine ester, whereas medium-chain length fatty acids can enter as the free acid (Fritz et al., 1962; Bode and Klingenberg, 1964) , the oxidation rate of long-chain fatty acids by VSM may be limited by the rate of formation of the carnitine ester, or its entry into the mitochondria. However, calculation of long-chain fatty acid oxidation by VSM based on the specific activity in the medium may underestimate markedly the overall contribution of this fuel, since it ignores the contribution of endogenous fatty acids. In fact, Morrison et al. (1974) have shown that intracellular specific activity of labeled palmitate in rabbit aorta is significantly lower than that of the medium. These observations suggest that oxidation of endogenous fatty acids may account for the 50% of the O 2 consumption not derived from exogenous substrates (unpublished observation). At present, it is not possible to exclude entirely some contribution from the degradation glycogen or amino acids derived from protein breakdown.
In summary, these experiments indicate that VOL. 48, No. 6, JUNE 1981 VSM can utilize a wide variety of substrates from energy production. An examination of the mutual inhibition by competing substrates has revealed that glucose accounts for only a minor fraction of the oxygen consumption by VSM in the resulting state. Non-carbohydrate substrates, including fatty acids ketone bodies and the branched-chain amino acids, make a major contribution to the tissue ATP production. However, in the resting state, flux through the citric acid cycle is limited, and less than 50% of the oxygen consumption is derived from exogenous fuels. Work in progress suggests that oxidation of endogenous fatty acids may account for the remainder of the oxygen consumption. In any case, further work is required to elucidate the nature of the stored fuel, its ultimate source, and how fuel utilization is controlled in altered metabolic states.
